Background Rumination is a central feature of major depressive disorder (MDD).
Introduction
Major depressive disorder (MDD) is a considerably disabling mental illness.
According to the World Health Organization (WHO, 2017) , more than 300 million people worldwide suffer from MDD. MDD is associated with an enormous economic cost that ranks as the highest among brain disorders (Smith, 2011) . However, knowledge about depressive pathophysiology is still limited. Although it is diagnosed as a single entity, MDD is highly heterogeneous (Uher et al., 2014; Zimmerman et al., 2015) . Though it is not recognized in the criteria for MDD, studies indicate that depressive rumination-defined as an uncontrollable and recurrent focus on the depressive state-is a central psychological engine precipitating feature of MDD (Hamilton et al., 2015; Lyubomirsky et al., 2015; Papageorgiou and Wells, 2004) .
Rumination exacerbates and prolongs depression while predisposing/precipitating depression in vulnerable individuals. Rumination affects depression via four mechanisms (Nolen-Hoeksema et al., 2008) . First, rumination increases negative thoughts induced by the depressed mood. Second, rumination increases pessimistic and fatalistic thinking and thereby interferes with effective problem-solving. Third, rumination hinders conditioned behavior, which increases stress. Finally, individuals with a ruminative tendency experience less social support, which further intensifies illness. None of them had received electroconvulsive therapy within six months prior to data collection. For study inclusion, patients were diagnosed and screened by a psychiatrist and were scanned within one week after inclusion. Most patients (36/53) experienced chronic illness duration (>12months) and all patients received antidepressant pharmacological treatment (see Table 1 ) at least 7 days prior to inclusion.
HCs were recruited through local advertisements and screened using the Structured Clinical Interview for DSM5 Nonpatient Edition to rule out the presence of current or past psychiatric disorders. Further exclusion criteria for HCs were any history of psychiatric disorders in first-degree relatives and current or past significant medical or neurological illness. Ethical approval was obtained from the Institutional Review Board of the Guangzhou Brain Hospital. All experimental procedures were conducted according to the Declaration of Helsinki.
(http://www.fil.ion.ucl.ac.uk/spm/) and DPARSF (V4.3_170105, Yan, 2014) . The first five volumes of each dataset were discarded to allow for MR signal equilibrium.
The remaining images were corrected for slice timing differences, realigned to the first volume, and spatially normalized to a standard EPI template (Calhoun et al., 2017) . Further preprocessing steps included resampling to a voxel size of 3 × 3 × 3 mm 3 , linear detrending and temporal band-pass filtering (0.01~0.08Hz), and smoothing with a 6 mm Gaussian kernel. Moreover, we regressed out the Friston-24 parameters of head motion (six head motion parameters, six head motion parameters one time point before, and the twelve corresponding squared items; (Power et al., 2012; Satterthwaite et al., 2013) and the signals of the white matter and cerebrospinal fluid. With respect to global signals, we referred to the Global Negative Index (GNI) (Chen et al., 2012) to determine whether global signal regression was needed for the current study. This index recommends against performing global signal regression analysis when GNI is 3 or above. After examination of GNI profiles, which were estimated using the publicly available Matlab code (by Chen Gang, https://www.mathworks.com/matlabcentral/ fileexchange/36864-determine-the-necessity-for-global-signal-regression), we found all participants had a GNI greater than 3. Furthermore, a t-test revealed no significant difference between MDD patients and HCs (p = 0.18). We thus refrained from performing global signal regression analysis in our preprocessing analysis given the risk of introducing bias (e.g., Weissenbacher et al., 2009) . The GNI profile of each subject can be found in Fig. S4a in the Supplement. Regarding head motion on the signal, two steps were adopted to largely extend controlling the effects of head motion. First, if Power frame displacement was found to be greater than 0.5, then that time point was deemed a "bad" time point, and the time points before and after that J o u r n a l P r e -p r o o f Journal Pre-proof bad time point were scrubbed using each of the bad time points as a regressor (Power et al., 2012) . Furthermore, a t-test revealed no significant difference in mean frame displacement (FD) between the two groups (p = 0.18, Figure S4 in the Supplement).
Correlation analysis also did not find any significant relationship between the FD and self-reported rumination scores (p>0.05). Second, only if the subjects satisfied our criteria for head motion, displacement of < 3 mm in any plane and rotation of < 3° in any direction were included. Four participants were excluded because of motion artifacts. Hence, a total of 51 MDD patients and 45 age-and gender-matched HC subjects were entered into the final data analysis. Power et al. (2011) proposed that a functional atlas is a more powerful approach than that based on an anatomical atlas approach in detecting the dynamic functional organization of the rumination network. Following this line of thought, we defined the ruminative neural network based on the activation map of a rumination induction task (Burkhouse et al., 2017; Cooney et al., 2010) . Participants had to briefly engage in a state of rumination by means of mood induction and rumination induction instructions (detailed information on the rumination-induction task can be found in the Supplement).
2.4.Rumination network construction and analysis

Node definition
General linear modeling method was applied to delineate the activation patten of the rumination condition so as to further understand the ruminative network on the basis of the activation pattern elicited by the rumination induction task. We built nonoverlapping spheres around each peak voxel in the map (Ekman et al., 2012; J o u r n a l P r e -p r o o f Journal Pre-proof al., 2016) . Briefly, we started by building the first sphere (radius = 6 mm) around the most significant peak as the first node of the network; we then moved on to the voxel with the second highest value to construct the second sphere. A node was excluded if it overlapped with any of the previously generated nodes or extended beyond the gray matter mask (> 0.4, mask provided by SPM12). This process was iterated until the last voxel in the activation map and resulted in 49 regions of interest (ROIs). In addition, previous work suggested that the anterior cingulate gyrus and amygdala play an essential role in distinguishing the rumination state from other mental states (Milazzo et al., 2014) . Therefore, we also included the bilateral anterior cingulate (4, 31, -10 and -4, 31, -10) following previous work (Craddock et al., 2009) and the bilateral central-medial amygdala as defined by cytoarchitectonic mapping (Amunts et al., 2005) . Since the imaging data of eight subjects did not cover the whole cerebellum in the resting state scan, we only defined ROIs in the cerebral cortex. In total, 53 ROIs (spheres of 6 mm radius around the most significant peak voxels) were defined to represent the nodes of the rumination network (see Table S3 ).
Edge definition
We extracted the time series for each ROI by averaging the time course of included voxels. A linear regression analysis was performed to remove the effects of nuisance signals from white matter, cerebrospinal fluid, and head-motion parameters.
Subsequently, we used the residuals of the time series for each ROI to calculate a and an overall corrected α < 0.05. Connectivity components showing differences between MDD patients and HCs, including those identified by NBS, were subjected to a linear regression analysis to investigate their relationship with clinical variables of depression severity, rumination tendency, and cognitive performance. In addition, we performed a mediation analysis (the mediation package as implemented in the statistical software R) to determine whether the relationship between network metrics and depression severity is mediated by the ruminative tendency of patients.
2.6.Evaluation of network properties using whole-brain data
To determine whether the results were confined to the selection of nodes defined by the rumination-induction task, we reran the same analysis using 142 ROIs (Dos atlas) covering most of the brain (excluding the cerebellum) as defined previously (Dosenbach et al., 2010) . It is noteworthy that 42 ROIs defined from the rumination-induction task overlapped with the Dos atlas (see Table S3 in Supplementary).
Results
3.1.Demographic and behavioral data
Demographic data are depicted in Table 1 . No significant differences were observed between MDD patients and HCs in demographic variables including gender, age, or years of education (P > 0.05). As expected, patients had significantly higher scores in the HAMD and RRS and exhibited significantly longer reaction times and lower accuracy rates in the Stroop task compared to HCs (Ps < 0.05). 
3.2.Neural correlates of rumination
J o u r n a l P r e -p r o o f Journal Pre-proof The rumination-induction task successfully induced rumination in all participants as indicated by higher self-sadness and self-focus under the rumination condition (p < 0.05, see Figure S2 in the Supplement). Furthermore, rumination induction was associated with significant activation in the bilateral middle occipital gyri extending to the cerebellum, the bilateral inferior parietal lobule, the right inferior frontal gyrus extending to the insula, and subcortical areas including the parahippocampus, thalamus, and amygdala (see Figure S3 in the Supplement). These findings are in line with that observed in previous studies (Burkhouse et al., 2017; Cooney et al., 2010) and add to the literature on the neural network underpinning rumination.
3.3.Altered network metrics in MDD patients
The rumination network derived from the activation patterns of the rumination-induction task as described above exhibited small-worldness (σ > 1) in both groups ( Figure S6 in the Supplement) across a wide range of density from 0.15 to 0.45. Group comparisons demonstrated that MDD patients exhibited a decreased clustering coefficient (C p, p = 0.037, Cohen d = 0.36), a decreased local (E loc , p = 0.029, Cohen d = 0.40) and global efficiency (E glob, p = 0.013, Cohen d = 0.47), and an increased characteristic path length (L p, p = 0.006, Cohen d = 0.52) compared to HCs (Figure 1) . 
3.4.Relationship between connectivity metrics and clinical scores
Ruminative tendency (RRS total scores and RRS pondering scores) showed a significant positive association with HAMD scores (Table S5 and Figure S8 in the Supplement). Moreover, HAMD scores, RRS total scores, and RRS pondering scores correlated positively with global network metrics exhibiting decreases in MDD patients (i.e., C p , E loc , E glob , and L p , Ps < 0.05). In comparison, a negative correlation existed between HAMD scores and the characteristic path length (Ps < 0.05, Table S5 J o u r n a l P r e -p r o o f Journal Pre-proof in the Supplement), a metric that increased in MDD patients compared to HCs.
Mediation analysis (Baron and Kenny, 1986) revealed that ruminative tendency, especially pondering, mediated the association between network metrics and HAMD ( Figure 3 and Figure S8 No significant correlations were observed between cognitive performance (i.e., reaction time and accuracy rate in Stroop task) and network metrics, or between the duration/number of illness episodes and network metrics ( Table S5 in the Supplement).
3.5.Evaluation on a whole-brain level
Discussion
The results of this study demonstrate alterations in the functional organization of the neural network associated with depressive rumination. Compared to HCs, MDD patients exhibited network alterations on a global and local level that were characterized by a deficiency of local information transfer (reduced clustering coefficient) and by weakened functional connections in terms of a reduced segregation and integration (decreased local and global efficiency). Alterations of individual nodes were predominantly found in systems involved in emotional processing, visual mental imagery, and attentional control. However, network metrics in MDD patients positively correlated with the severity of depression as measured with the HAMD. The latter finding apparently contradicts reductions in network metrics and might indicate two separate features of functional network organization that seem to counteract each other: one separates MDD patients from HCs, whereas the other reflects the current depressive state of patients. In the following discussion, we will try to reconcile these conflicting findings. The rumination-induction task used in our study revealed robust activations in cortical and subcortical regions commonly observed during rumination, including the inferior parietal and inferior frontal regions, the parahippocampus, the thalamus, and the amygdala (Burkhouse et al., 2017; Cooney et al., 2010) . Previous studies patients (Andrews and Thomson Jr, 2009 ).
Focusing on the regional metrics, nodal centralities in the bilateral amygdala exhibited a significant decrease in MDD patients compared with HCs. The amygdala is a pivotal area responsible for regulating internal emotional states leading to appropriate behavior (Fadok et al., 2018) . Furthermore, rumination is generally triggered by internal (e.g., negative affect) or external events that conflict with an individual's goals (Koster et al., 2011) and that are further processed by a visual imagery system (Renner et al., 2017) . Indeed, visual mental imagery is more vivid in patients with MDD, which is also reflected by a stronger recruitment of visual and somatic brain regions compared to HCs (Burkhouse et al., 2017) . This is in line with the current results, showing altered nodal centralities in regions within the occipital lobe, such as the left inferior occipital gyrus and the right middle inferior occipital gyrus. Altered nodal centralities were also found in the parietal lobe, including the left inferior parietal lobule, the right superior parietal gyrus, and the right precuneus.
These regions govern processes related to attentional control (Dosenbach et al., 2007; Zhang et al., 2017) . A core hypothesis of rumination is "impaired attention disengagement" (Koster et al., 2011) , which places an individual at risk for ruminative tendency. Moreover, the only region exhibiting increased nodal centrality in the current study is the right middle frontal gyrus, which is a core area of the DMN (Raichle, 2015; Whitfield-Gabrieli and Ford, 2012) . Dominance of the DMN that reflects passive self-relational processes, such as autobiographical memory recall and a wandering mind, is a key characteristic of maladaptive and depressive rumination Several limitations of our study deserve mention. First, due to time constraints on fMRI studies, our experimental rumination task was not designed to distinguish the fine differentiation of subdomains of rumination (e.g., reflective pondering vs. brooding). Second, the current patient sample was not medication naïve. Hence, we cannot exclude the possibility that treatment partly affected our results. Third, a recent study found that decreased functional connectivity within the DMN is partly associated with the process of mind-wandering and depressive rumination (Rosenbaum et al., 2017) . Thus, future studies on the neurophysiological correlates of depressive rumination should assess spontaneous and induced rumination during the rsfMRI scanning. Fourth, our study was cross-sectional in nature, precluding us from testing the hypothesis that network metrics reflect an adaptive process of disease progression. Future studies should compare drug-naïve first-episode and unmedicated recurrent MDD patients in order to find more definite answers. Last but hardly the least, we were unable to implement structured interviews to establish clinical diagnoses for our clinical participants due to resource constraints. We acknowledge that there could be potential confounding variance introduced by classifying our clinical participants based on semi-structured interviews. Future studies should consider employing structured interviews that will provide valid and reliable clinical information.
Conclusions
In conclusion, our study demonstrates alterations in the functional organization of the neural network associated with depressive rumination. These alterations may indicate a neural adaptation to the disorder, an adaptation that is inversely related to J o u r n a l P r e -p r o o f Journal Pre-proof the severity of depressive symptoms. This severity is mediated by rumination. Our data therefore encourage viewing the role of rumination in depression as a two-edged sword that reflects a disease-specific neuropathology but also points to a functionality of depressive symptoms with evolutionary meaning. 
